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Abstract. Ground-layer adaptive optics (GLAO) systems offer the possibility of improving the ”seeing” of large
ground-based telescopes and increasing the efficiency and sensitivity of observations over a wide field-of-view. We
explore the utility and feasibility of deploying a GLAO system at the W. M. Keck Observatory in order to feed existing
and future multi-object spectrographs and wide-field imagers. We also briefly summarize science cases spanning
exoplanets to high-redshift galaxy evolution that would benefit from a Keck GLAO system. Initial simulations indicate
that a Keck GLAO system would deliver a 1.5× and 2× improvement in FWHM at optical (500 nm) and infrared (1.5
µm), respectively. The infrared instrument, MOSFIRE, is ideally suited for a Keck GLAO feed in that it has excellent
image quality and is on the telescope’s optical axis. However, it lacks an atmospheric dispersion compensator, which
would limit the minimum usable slit size for long-exposure science cases. Similarly, while LRIS and DEIMOS may
be able to accept a GLAO feed based on their internal image quality, they lack either an atmospheric dispersion
compensator (DEIMOS) or flexure compensation (LRIS) to utilize narrower slits matched to the GLAO image quality.
However, some science cases needing shorter exposures may still benefit from Keck GLAO and we will investigate
the possibility of installing an ADC.
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1 Introduction
Ground-layer adaptive optics (GLAO) provides partial correction of atmospheric blurring over a
significantly larger field of view (several to 10 arcminutes) and over a broader wavelength range
(optical and infrared) than classical AO systems.1 Science applications enabled by GLAO are
thus complementary to classical AO and include extra-galactic spectroscopic surveys over a broad
range of redshifts, intergalactic and circumgalactic medium studies with integral field and slit
spectrographs, and stellar population studies in the Milky Way and nearby galaxies where crowding
limits current sensitivities. Maunakea is ideally suited for GLAO with its thin ground layer and
weak free-atmosphere turbulence.2 Currently, none of the 8-10 m class telescopes on Maunakea
have a GLAO system; however, several observatories are investigating the feasibility and designing
GLAO systems for the future. In this proceeding, we explore the feasibility of a GLAO system
deployed at the W. M. Keck Observatory, which could have the benefit of feeding Keck’s existing
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seeing-limited instruments including the multi-object spectrographs, LRIS and DEIMOS in the
optical and MOSFIRE in the infrared.
Nearly all seeing-limited science cases would benefit from the expected 2× better spatial reso-
lution in the near-infrared and red-optical delivered by GLAO.3, 4 The ultimate question that must
be addressed is whether the science gains enabled by GLAO system at Keck are timely and sig-
nificant enough to warrant the cost. The science gains delivered by a Keck GLAO system can be
quantified with the following ingredients. First, we need to estimate the image quality delivered by
a notional GLAO system. We utilize multiple atmospheric modeling codes and mean Maunakea
atmospheric conditions to simulate point spread functions (PSFs) for Keck GLAO. We also use
results from the on-sky ’imaka experiment to validate these simulations. Second, we need to de-
termine how the existing instruments would further reduce the GLAO-delivered image quality due
to internal aberrations, distortions, and flexure. Thirdly, we need to propagate these image quality
estimates through to science metrics for a wide range of current and future science cases. Finally,
science gains must always be weighed against cost and risk. In this proceeding, we present initial
results from the first 2−3 steps of this process.
2 GLAO Performance: On-sky Validation and Keck Simulations
One of the primary motivations for GLAO at Keck has been results from on-sky experiments
that indicated that the turbulence above Maunakea is typically dominated by a significant, but
thin, ground layer.2 In particular, the ’imaka GLAO experiment commissioned on-sky on the
UH 2.2 m telescope on Maunakea5 has shown that the FWHM can be improved by a factor of
1.5−1.7× and the Noise Equivalent Area is improved by >2× at R-band and I-band with a guide
star constellation spread over 18’.3 Preliminary results from 2018 indicate that improvements of
>1.3× are achievable even at B-band and V-band over an 11’ field of view.4 The GLAO PSFs
are also more stable by a factor of 7-10×. The results of ’imaka are promising for a Keck GLAO
system. Furthermore, GLAO performance has been validated at the VLT, showing 2× improved
and very uniform FWHM over a 10’ radius.6
Simulations of the expected performance of the a Keck GLAO system were made using the
Multi-threaded Adaptive Optics Simulator (MAOS).7 The initial system configuration is for a
20×20 actuator system with four sodium laser guide stars placed on the periphery of a 10’×10’
field of view. A single low-order natural-guide star wavefront sensor was placed at the center of the
field to provide tip, tilt, and focus sensing. Point spread functions were generated across the 10’
field for wavelengths from 0.45 to 2.2 µm from a sequence of ten independent 5000-iteration sim-
ulations. The input optical turbulence profile is derived from the Thirty Meter Telescope project’s
site testing at the TMT site on Maunakea.8 The results shown in Fig. 1 were run to provide an ini-
tial estimate of the gains across the science wavelengths of interest and represent averages across
the field of view. One-standard deviation in this variation are indicated on the plot. The improve-
ment in the FWHM is 2× at infrared wavelengths and ∼1.5× at optical wavelengths (∼500 nm).
Analysis of other metrics, such as the encircled energy and the noise-equivalent area, is underway.
Future simulations will focus on optimizing the image quality for the specific science instrument
fields of view and wavelengths and including the effect of the conjugation altitude the adaptive
secondary.
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Fig 1 Simulated image quality, expressed in FWHM, for Keck in seeing-limited and GLAO modes at different
wavelengths (top). The ratio of the GLAO FWHM to the seeing-limited FWHM is also shown (bottom).
3 Examples of GLAO Science Cases
In this section, we present a brief summary of science cases that would most benefit from GLAO
fed multi-object spectroscopy at Keck. More detailed science cases for GLAO at other telescopes
have previously been published for Subaru,9 Gemini,10, 11 CTIO,12 and VLT.13–15
Measurements of galaxy properties test our physical understanding of galaxy formation and
evolution. The sensitivity of ground-based extra-galactic spectroscopy is limited by the sky bright-
ness. The improved spatial resolution delivered by GLAO is sufficient to resolve galaxies that
were previously unresolved with seeing-limited observations. As a result, spectroscopic slits can
be narrower, thereby reducing the solid angle of blank sky that adds noise to the galaxy spectrum.
Cutting the spectroscopic aperture down to the size of resolved star-forming regions within galax-
ies also increases spectral resolution, which improves sensitivity to spectral lines. It follows that
GLAO enables spectroscopic observations of fainter galaxies.
One of the great advantages of GLAO is how the improved spatial resolution allows us to
resolve finer detail in distant galaxies (Fig. 2). The power of spatially-resolved spectroscopy in
large galaxy surveys has recently been demonstrated in the MaNGA survey using seeing-limited,
integral-field, multi-object spectroscopy [REF]. A Keck GLAO system can push to higher redshift
and lower-mass galaxies than current IFU surveys such as MaNGA.
There are many additional GLAO science cases including: (1) detailed studies of galactic nu-
clei, (2) resolving stellar populations and star formation histories in nearby galaxies, (3) mapping
and characterizing the interstellar medium, supernovae remnants, and outflows from stars in the
Milky Way, (4) detection of exoplanet from the astrometric wobble of their host star, (5) complete
imaging of Mars, Jupiter, and other planets simultaneously with their ring and moon systems. Most
of these science cases utilize the improved spatial resolution of GLAO to resolve further detail on
an object or overcome stellar confusion rather than the improved sensitivity.
Proc. of SPIE Vol. 10703  107030N-3
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 7/12/2018
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use
0.01 0.1 1
Redshift, z
0.1
1
10
Ph
ys
ica
l S
ca
le
 (k
pc
)
2.5"
0.8" 0.4" 0.2"
Disk Truncations (van der Kruit & Freeman 2011)
Rotation Curve Rise (Amorisco & Bertin 2010)
Bar Length (Díaz-García+ 2016)
Bulges (Fisher & Drory 2010; Lackner & Gunn 2012)
Spiral Arms
High-z Clumps (Elmegreen+ 2007)
HII Regions (Azimlu+ 2011)
GMCs (Bolatto+ 2008)
Fig 2 Interesting physical spatial scales in galaxies (e.g. disks, bars, bulges, clumps) as a function of redshift. Lines
of constant angular resolution on the sky are over-plotted. GLAO at Keck could enable new spatially-resolved surveys
of galaxies 3-5× higher redshift than seeing-limited surveys.
4 Instrument Feasibility
Many of Keck’s existing multiplexed spectrographs and wide-field imagers could benefit from a
GLAO feed. However, the feasibility of using existing instruments depends on many factors. First
and foremost is whether the intrinsic optical quality of the telescope and instrument are sufficiently
good to take advantage of the higher spatial resolution that GLAO would deliver. Figure 3 shows
the locations and field sizes for different instruments relative to the optical axis of the telescope.
We also consider other factors that might limit the science gains from a GLAO feed such as at-
mospheric refraction, flexure, and slit construction. These turn out to be the limiting factors in
most cases for existing instruments. In sections below, we consider the feasibility of the two multi-
object optical spectrographs, LRIS and DEIMOS, as well as the infrared multi-object spectrograph,
MOSFIRE.
4.1 LRIS
The multi-object, optical slit spectrograph, LRIS, is located on the optical axis of the telescope
(Figure 3) and thus has access to the best image quality directly from the telescope. It’s 6’ × 6’
FoV, 0.135”/pixel plate scale in the imaging direction, and designed image FWHM of ∼< 0.24”
should make it an ideal GLAO instrument.16 A GLAO feed for LRIS would allow the use of
smaller slits for higher spectral resolution and lower background. Typical slits in seeing-limited
mode are 0.8” - 1.0” and we anticipate a slit width reduction to 0.5”.
First, the as-delivered image quality on LRIS has been verified with on-sky images from both
the LRIS Blue and Red camera. We collected a random sample of ∼ 400 LRIS images from ob-
servations taken after 2011 Jan from the Keck Observatory Archive. Stars were identified using
DAOPHOT with a number of criteria to ensure that resolved sources and artifacts were excluded.
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Fig 3 The Keck instrument fields-of-view relative to the optical axis of the telescope. Both LRIS and DEIMOS
fields extend out to 10 from off the optical axis and their image quality would likely be limited by off-axis telescope
aberrations in the outer parts of the field. MOSFIRE is centered on the telescope optical axis.
PSF fitting was performed on each star and the median stellar PSF FWHM for the data set was
calculated (Figure 4). The median image FWHM for all cameras and filters is 0.836”. The dis-
crepancy between that value and the expected value of 0.67” (atmospheric free seeing of 0.65” and
contribution from telescope astigmatism of 0.18”) suggests the presence of 0.49” of unaccounted-
for wavefront error during typical LRIS usage. The telescope contributes ∼0.18” averaged over
the field due to off-axis field aberrations. Thus, an unexplained term of 0.5” remains and is likely
due to slowly time-varying focus or astigmatism and should be correctable by the GLAO system.
Using realistic GLAO PSFs with the appropriate ASM conjugate altitude, we calculate expo-
sure time improvement factors of 10% to 140% (i.e., t/1.1 − t/2.4) for stars within a 4’ × 4’ field
at 8000 A˚. We assumed the GLAO system parameters include 3-guide stars with a constellation
diameter of 4’. These improvement factors depend on a number of parameters, including the line
width, assumptions about the distribution of correctable and non-common path wavefront error,
and other factors not explored here. The most important factor is the contribution of non-common
path wavefront error. The median image quality obtained with LRIS suggests that this factor could
be as high as 0.49”. If it is, the improvement in required exposure time seen with GLAO would
be small. However, if the error is common-path and could be sensed and corrected by the GLAO
system, the improvement in required exposure time with GLAO could be as high as 150%.
In addition to the image quality, we consider other sources of aberration and distortion. LRIS
has an atmospheric dispersion compensator, so differential atmospheric refraction should not con-
tribute significantly for a GLAO PSF. On the other hand, LRIS is a Cassegrain instrument and is
know to suffer from time-variable distortion and focus. Previous studies of the astrometric dis-
tortion17 indicate that in seeing limited mode, the flexure amounts to 0.1” - 0.2” over the field.
However, the same document states that flexure of more than 10% of a slit width is not tolerable.
Thus if the LRIS slit sizes are reduced from 0.8” to 0.5” then the LRIS flexure would not keep
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Fig 4 The distribution of measured FWHM from LRIS images of dense stellar fields. Measurements come from a
random sample of 126 images obtained after 2011 Jan.
the science object on its slit. These flexures need to be more extensively quantified in order to
determine if some real time corrections could be applied when using GLAO.
4.2 DEIMOS
We investigated whether ground-layer adaptive optics (GLAO) can benefit spectroscopy with the
DEIMOS spectrograph on the Keck telescope. DEIMOS is a wide field multi-object spectrograph
designed for long exposure extra-Galactic work, particularly observation of distant, early, galaxies.
The DEIMOS science field is 16.7’ × 5’ with a pixel scale of 0.1185” pixel−1 for both the spec-
trograph and imager. This would be sufficient to Nyquist-sample a PSF that has been sharpened
by GLAO. The intrinsic image quality within DEIMOS is has been characterized using pinhole
mask observations (Figure 5) and is 0.26” on average from the instrument. However, the telescope
has an increasing astigmatism that increases with distance from the telescope’s optical axis and
would yield and additional 0.3” (added in quadrature) on average over the DEIMOS field. Fi-
nally, DEIMOS has not been equipped with an atmospheric dispersion compensator. During long
exposures, this could cause objects to shift outside the slit due to atmospheric refraction.
4.3 MOSFIRE
MOSFIRE is a infrared imager and multi-object spectrograph located at the Cassegrain focus of the
Keck I telescope. It has a 6.1’×6.1’ field of view and a plate scale of 0.18”, which is a bit coarse for
sampling a 0.3”-0.4” FWHM PSF from a GLAO feed. Ideally, MOSFIRE could be upgraded with
a new detector (i.e. H4RG) with more and smaller pixels to preserve the field of view; but improve
the sampling. The image quality inside MOSFIRE is excellent – typically smaller than a single
pixel.18 However, MOSFIRE lacks an atmospheric dispersion corrector, similar to DEIMOS, and
would likely need one added to take full advantage of a GLAO feed.
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Fig 5 DEIMOS image quality as measured by the FWHM of pinhole mask spots over the field of view.
5 Conclusions
We study the feasibility of deploying a GLAO system at the W. M. Keck Observatory. A GLAO
system at Keck would likely deliver images with a 2× better FWHM, resulting in improved point
source sensitivity, better image resolution, and possibly higher spectral resolution through the use
of narrower slits on GLAO-fed spectrographs. While Keck’s existing multi-object spectrographs
(LRIS, DEIMOS, MOSFIRE) have sufficient instrumental image quality to take advantage of a
GLAO feed, they each have a shortcoming that requires further investigation before we can de-
termine the final delivered image quality. First, LRIS suffers from flexure as it is a Cassegrain
mounted instrument. The degree of flexure may be large enough to prevent long exposures with a
narrow (0.3”) slit. Second, DEIMOS and MOSFIRE both lack and atmospheric dispersion com-
pensator. Again, narrowing the slit without an ADC could cause objects to shift out of the slit at
certain wavelengths at low elevations due to atmospheric refraction. Installation of an ADC for
DEIMOS and MOSFIRE will be explored. Investigations are also underway to determine the fea-
sibility of implementing laser guide star wavefront sensors in front of each of the instruments, and
of implementing a 1.4 m diameter adaptive secondary mirror at Keck.
Acknowledgments
We acknowledge funding from the W. M. Keck Observatory and the University of California Ob-
servatories to support the development of a GLAO concept for the Keck telescopes.
References
1 F. Rigaut, “Ground Conjugate Wide Field Adaptive Optics for the ELTs,” in European South-
ern Observatory Conference and Workshop Proceedings, 58, 11 (2002).
2 M. Chun, R. Wilson, R. Avila, et al., “Mauna Kea ground-layer characterization campaign,”
Monthly Notices of the Royal Astronomical Society 394(3), 1121–1130 (2009).
Proc. of SPIE Vol. 10703  107030N-7
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 7/12/2018
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use
3 F. Abdurrahman, J. R. Lu, M. Chun, et al., “Improved Image Quality Over 10’ Fields with
the ‘Imaka Ground Layer Adaptive Optics Experiment,” ApJ (submitted).
4 M. R. Chun, J. R. Lu, O. Lai, et al., “On-sky results from the wide-field ground-layer adaptive
optics demonstrator, ‘imaka,” in Proceedings of the SPIE, (2018).
5 M. R. Chun, O. Lai, D. Toomey, et al., “Imaka: a ground-layer adaptive optics system on
Maunakea,” in Adaptive Optics Systems V, 9909, 990902 (2016).
6 P.-Y. Madec and et al., “GLAO on AOF,” in Proceedings of the SPIE, (2018).
7 L. Wang and B. Ellerbroek, “Computer simulations and real-time control of ELT AO systems
using graphical processing units,” in Adaptive Optics Systems III, 8447, 844723 (2012).
8 M. Scho¨ck, S. Els, R. Riddle, et al., “Thirty Meter Telescope Site Testing I: Overview,”
Publications of the Astronomical Society of the Pacific 121, 384 (2009).
9 “ULTIMATE-Subaru with Wide-Field GLAO Study Report.” https://www.naoj.org/
Projects/newdev/ngao/20160113/ULTIMATE-SUBARU_SR20160113.pdf.
(Accessed: 29 June 2018).
10 “Gemini GLAO Feasibility Study Report.” http://www.gemini.edu/science/
GSC/GSC_2005-6/gsc06.05_%20GLAO_summary.pdf. (Accessed: 29 June 2018).
11 “Gemini GLAO Feasibility Study Report: Appendix B, Science Cases.”
http://www.gemini.edu/science/GSC/GSC_2005-6/gsc06.05_
GLAO-science-appendix.pdf. (Accessed: 29 June 2018).
12 A. Tokovinin, “Science operation of the SOAR Adaptive Module (SAM),” in Adaptive Optics
for Extremely Large Telescopes IV (AO4ELT4), E82 (2015).
13 P. Hibon, J. Paufique, H. Kuntschner, et al., “Performance updates of HAWK-I and prepara-
tion for the commissioning of the system GRAAL+HAWK-I,” in Ground-based and Airborne
Instrumentation for Astronomy VI, 9908, 99080F (2016).
14 R. Siebenmorgen, G. Carraro, E. Valenti, et al., “The Science Impact of HAWK-I,” The
Messenger 144, 9–12 (2011).
15 R. Bacon, S. Bauer, P. Bo¨hm, et al., “Probing Unexplored Territories with MUSE: a Second-
Generation Instrument for the VLT,” The Messenger 124, 5 (2006).
16 J. B. Oke, J. G. Cohen, M. Carr, et al., “The Keck Low-Resolution Imaging Spectrometer,”
Publications of the Astronomical Society of the Pacific 107, 375 (1995).
17 J. Cohen and W. Huang, “LRIS Astrometry As Of April 2007,” tech. rep. (2007).
18 I. S. McLean, C. C. Steidel, H. W. Epps, et al., “MOSFIRE, the multi-object spectrometer for
infra-red exploration at the Keck Observatory,” in Ground-based and Airborne Instrumenta-
tion for Astronomy IV, 8446, 84460J (2012).
Proc. of SPIE Vol. 10703  107030N-8
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 7/12/2018
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use
